SUMMARY This study was done to compare rates of high energy phosphate (HEP) utilization and depletion, as well as the production and distribution of catabolic products of adenine nucleo tides in dog heart during total ischemia in vitro and severe ischemia in vivo. Both HEP production from anaerobic glycolysis and HEP utilization occurred much more quickly during the fir»t 15 mmtuet of severe ischemia in vivo than in total ischemia in vitro. HEP utilization exceeded production in both types of ischemia and tissue HEP decreased progressively. Much of the creatine phosphate (CP) was lost within the first 1-3 minutes; adenosine triphosphate (ATP) depletion occurred more slowly than CP and more slowly in vitro than in vivo. ATP was reduced from control contents of 5-6 /imol/g to 1.0 jirool/g by 75 minutes of total ischemia in vitro, but reached a similar level within only 30 minutes of severe ischemia in vivo. HEP utilization and production during ischemia were estimated from the rate of accumulation of myocardial lactate and essentially ceased when the ATP reached 0.4 jimol/g wet weight. At this time, more than 80% of the HEP that had been utilized in ischemia in vivo or in total ischemia in vitro had been derived from anaerobic glycolysis. ATP depletion was paralleled by dephosphorylation of adenine nucleottdeg. The lost nucleotides were recovered stoichiometrically as adenosine, inosine, hypoxantbine, and xanthine in both models of ischemia, a finding which demonstrates that the low collateral flow of severe ischemia allows little washout of nucleosides, bases, or lactate to the systemic circulation. These results Indicate that total ischemia in vitro can be used as a model of severe ischemia in vivo in that the pathways of energy production and depletion and of adenine nucleotide degradation generally are similar. Moreover, the larger quantities of uniformly ischemic tissue and the slower time course of changes make total ischemia well suited to the study of relationships between the metabolic, ftmctional, and structural consequences of ischemic injury, drc Res 49: 892-900, 1981 WITHIN seconds of the onset of severe ischemia induced by coronary occlusion in vivo, myocardial HEP begins to decrease, and by the time a minute has passed, 80% or more of the creatine phosphate (CP) is lost (Braasch et al., 1968; Dunn and Griggs, 1975) . Within 15 minutes, 65% of the tissue adenosine triphosphate (ATP) and 55% of the total adenine nucleotides (£Ad) have disappeared (Jennings et al., 1978) . After 40 minutes of ischemia, the HEP supply is approaching zero and most of the severely ischemic cells have become irreversibly injured and do not recover even if blood flow is restored (Jennings et al., 1978) .
Total Ischemia in Dog Hearts, in Vitro
WITHIN seconds of the onset of severe ischemia induced by coronary occlusion in vivo, myocardial HEP begins to decrease, and by the time a minute has passed, 80% or more of the creatine phosphate (CP) is lost (Braasch et al., 1968; Dunn and Griggs, 1975) . Within 15 minutes, 65% of the tissue adenosine triphosphate (ATP) and 55% of the total adenine nucleotides (£Ad) have disappeared (Jennings et al., 1978) . After 40 minutes of ischemia, the HEP supply is approaching zero and most of the severely ischemic cells have become irreversibly injured and do not recover even if blood flow is restored (Jennings et al., 1978) .
The present report compares the rates of HEP production from anaerobic glycolysis as weD as the rates of utilization and depletion of HEP and the distribution of catabolic products of adenine nu-cleo tides in total ischemia in vitro and severe ischemia in vivo. Both the rate of high energy phosphate production and of ATP degradation were much slower in vitro than in vivo, but based on the similar distribution of nucleosides and bases in the two models of ischemia, the pathways of AMP degradation were the same. The lost adenine nucleotides were recovered stoichiometrically, as nucleosides and bases, from totally ischemic myocardium in vitro, and nearly stoichiometric recovery was obtained from severely ischemic myocardium after 15 minutes of coronary occlusion in vivo. The persistence of the nucleosides and bases indicates that washout of end products from zones of severe ischemia is a relatively slow process. Finally, the results show that total ischemia in vitro is a good model of the events occurring in zones of severe ischemia in vivo.
Methods

Total Ischemia, in Vitro
Seven healthy mongrel dogs of either sex were anesthetized with intravenous sodium pentobarbital (30 mg/kg). The left side of the chest was opened and the heart was quickly excised. Blocks of muscle containing the anterior and posterior papillary muscle were cut from the beating heart. Part of one papillary muscle was excised and dropped into ice cold (0-1 °C) isotonic KC1 to be stored for several minutes prior to later use as control tissue. The remaining "totally ischemic" tissue was placed in a pre-warmed 2-ounce jar which then was closed tightly and immersed in a 37° C water bath (Herdson et al., 1969) . About 30 seconds elapsed between the chest incision and the beginning of tissue incubation. After 60, 75, 90, 120 , and 150 minutes of total ischemia, the ischemic muscle was briefly removed from the water bath and sampled for analysis of adenine nucleotides and for the preparation of slices to assess volume regulation. The relation between various tissue metabolite levels and the capacity of the tissue to perform complex functions in vitro is the subject of the next paper .
Control and ischemic slices from four of these hearts were analyzed by high pressure liquid chromatrography for nucleoside and base end products of adenine nucleotide catabolism (see below). These data are presented in this paper along with certain metabolite data obtained by enzymatic assay from all dogs used in the studies on total ischemia.
Severe Ischemia, in Vivo
Four healthy mongrel dogs were anesthetized with intravenous sodium pentobarbital (30 mg/kg), intubated, and ventilated with a Harvard respirator. In each instance, the left side of the chest was opened and the circumflex artery was ligated under the atrial appendage. Lead II of the electrocardiogram and femoral arterial pressure were monitored. After 15 minutes of ischemia, the fluorescent dye, thioflavine S (TS), was injected intravenously (1.0 mg/kg of 4% solution in normal saline). Ten to 30 seconds later the heart was quickly excised and dropped into 600-700 ml of KC1 at 0°C. After 1 minute, the left and right ventricles were opened and the heart then was cooled by stirring for another 2 minutes. It then was observed under UV light through a yellow filter to identify the severely ischemic region based on non-fluorescence (myocardium not perfused with TS). Thin slices of both dark ischemic (posterior papillary muscle), and fluorescent nonischemic (anterior papillary muscle) myocardium were cut for analysis (Jennings et al., 1978) of the end products of adenine nucleotide catabolism.
Metabolite Assays
Slices for metabolite assays were trimmed free of endocardium, weighed quickly on a Cahn model DTL microbalance, and placed in 3.6% perchloric acid (PCA) at 0.5°C.
Weighing and transfer to PCA required 10-15 seconds. After 15-60 minutes, the tissue slices were homogenized with a Tri-R homogenizer, allowed to extract for an additional 10 or more minutes, and brought to pH 5.0 with K 2 CO 3 and KOH. The extracts were centrifuged to remove KC1O* and the supernatant was frozen at -70 °C. Samples from seven dogs were assayed by enzymatic techniques for lactate (Lowry and Passoneau, 1972) , ATP (Lamprecht and Trautschold, 1974) , ADP (Jawouk et al., 1974) , creatine phosphate (CP) (Lamprecht and Trautschold, 1974) , and giucose-6-phosphate (Lamprecht and Trautschold).
In addition, extracts of samples from four dogs with severe ischemia in vivo and four dogs with total ischemia in vitro were assessed for ATP, ADP, AMP, adenosine (ADO), inosine (INO), hypoxanthine (HX), xanthine (X), and nicotine adenine dinucleotide (NAD) by high pressure liquid chromatography (HPLC) by one author (S.M). The extracts for these measurements were stored frozen at -70°C, and were sent to California by air. All remained frozen during shipment. Analyses were completed within a month of preparation.
Nucleotides were separated after adsorption of a 20-jul sample of PCA extract on an amine Cis-reverse phase column (/i Bondapack-NH 2 , Waters Corp.). Nucleotides were eluted by ion-pairing with a gradient of 0.01 M (pH 3.2) to 0.35 M NK,HP0 4 (pH 3.9). Recovery of standards was 90 to 100% (Klabunde and . Nucleosides were separated on a neutral Cis-reverse phase column and eluted with a linear gradient from 4 inM phosphate buffer at pH 7.4 to 80% aqueous methanol . Recovery of ADO, INO, HX, and X was greater than 95% with a sensitivity of 20 pmol. All measurements were based on absorption of light at 254 run.
Calculations and Statistics
All results were calculated as /imol/g wet weight and are expressed as the mean ± the standard error of the mean (SEM). The total myocardial adenine nucleotide content (2Ad) was calculated as the sum of ATP, ADP, and AMP, and the total nucleoside and base content was calculated as the sum of ADO, INO, HX, and X. The high energy phosphate bonds utilized (A?) at each time point were calculated as ACP + 2 AATP + AADP + 1.5 A lactate. This calculation is based on the fact that the conversion of glycogen to lactate by anaerobic glycolysis nets 1.5 /unol of high energy phosphate bonds per junole of lactate produced (Scheuer and Stezoski, 1970) . The change in each metabolite was the difference between the observed sample content and the in vivo content as measured by quick freezing techniques by Braasch et al. (1968) .
Results
Rate of HEP Utilization in Ischemia
The changes in myocardial HEP after the onset of severe ischemia in vivo or total ischemia in vitro are the result of the balance occurring between the rate of production and the rate of utilization of HEP. Anaerobic glycolysis is virtually the sole source of new HEP in ischemic myocardium and yields 1.5/xmol of HEP per jumolof lactate generated from the glucose entering glycolysis from glycogen. In the absence of oxygen, we can estimate the rate of HEP consumption from the lactate produced plus the HEP depleted from preexisting levels of CP, ATP, and ADP.
In the present studies, rapid consumption of HEP and a burst of anaerobic glycolysis were observed during the first 1-3 minutes of ischemia. Our control samples (Table 1 ), which were obtained 1.5-3.0 minutes after the onset, showed a 72% drop in CP and no change in the ATP or SAd compared to control levels measured by others using quick freezing techniques (Braasch et al., 1968; Dunn and Griggs, 1975) . Tissue lactate in these control samples was increased by 252 to 382% in vitro and in vivo, respectively, which is equivalent to the production of 7.7-11.7 jumol of HEP by anaerobic glycolysis. However, HEP utilization in this 1.5-to 3.0-minute period was 15.5-17.4 /imol and thus exceeded production from glycolysis. This excess utilization was supported largely by the degradation ofCP.
Following this initial period of rapid metabolism, HEP consumption in total ischemia, in vitro, progressed at a linear rate as long as anaerobic glycolysis (lactate production) continued and HEP was present. However, by 120 minutes, the tissue HEP content decreased to only 3.7% (0.78/20.85 X 100) of the level found in quick frozen tissue and anaerobic glycolysis ceased ( HEP stores had been virtually depleted, prevented further utilization of HEP.
In contrast to total ischemia in vitro, the quantity of HEP utilized and produced by glycolysis in vivo was, at 15 minutes, nearly equivalent to that produced and utilized by 1 hour of total ischemia. However, the rate of HEP production and consumption slowed during the next 15-minute interval, and between 30 and 40 minutes of ischemia, were equivalent to rates found in total ischemia in vitro. Thus, in contrast to total ischemia, there was accelerated ATP utilization and production during the first 15-30 minutes of severe ischemia in vivo (Figs. 1 and 2). (Jennings et aL, 1978) , but the lactate data have not been reported previously and the 15-minute group includes four dogs from the present ftudy in addition to three dogs from the previous study. All raw data on total ischemia presented in this table are based on enzymatic analyses from six dogs, whereas the adenine nucleotide pool data presented in Table 2 ware obtained on four of the seven dogs by HPLC The A -P produced via anaerobic glycolysis is calculated as 1.5 x Alactate and the A -P split is this value phis ACP, AADP, and 2AATP. (Jones et at., 1980; Jennings and Reimer, 1981) the ATP level of totally ischemic tissue has been measured at these times and has been found to decrease at a nearly linear rate, as indicated.
Relationship between HEP Depletion and ATP Production and Utilization
There was an inverse relationship between depletion of HEP and accumulation of lactate during the first 90 minutes of total ischemia (r = 0.84). In addition, the hearts with the fastest rates of depletion of HEP (Fig. 3) also had the highest rates of production and utilization of ATP. Despite the accelerated lactate production observed when the rate of HEP destruction was high, glycolysis always fell short of supplying the demand for ATP. The cessation of lactate production occurred after different durations of ischemia, but always occurred as soon as the tissue ATP fell to less than 0.4 /xmol/g (Fig.  3) .
Glucose-6-phosphate (G6P) levels were increased after all periods of ischemia but particularly so after lactate production had ceased. These data indicate that anaerobic glycolysis was inhibited at a step or steps distal to G6P and that lactate production did not cease because of a lack of substrate. Inhibition of glycolysis at the level of phosphofructokinase is consistent with these data.
Adenine Nucleotides, Nucleosides, and Bases in Ischemia
The effect of different periods of total ischemia on components of the adenine nucleotide pool is quantified in Table 2 , but is more easily visualized in Figure 4 . The rapid decline in ATP initially was paralleled by a marked decrease in 2Ad; ADP decreased only slightly; and AMP was virtually constant through the first 75 minutes of total ischemia.
After longer periods of total ischemia, the AMP content increased, and this was associated with a decline in the rate of SAd loss. This AMP accumulation occurred when much of the HEP had already been utilized.
The decline in 2Ad in total ischemia was accounted for primarily by the marked accumulation of INO, HX, and X (Fig. 4) . At 60, 75, and 90 minutes, there also was a small but significant increase in adenosine. Significant NAD degradation was not noted until after 90 minutes or more of ischemia. The adenine moiety of this molecule could have contributed up to 0.38 jumol of nucleosides to the metabolite pool.
Very little INO, HX, or X was found in control tissue. It should be noted, however, that the method of tissue sampling was not designed to determine the contents of these metabolites in vivo. Excising and cooling the heart prior to sampling resulted in normal ATP and ADP levels, but CP was lost and sufficient anaerobic glycolysis occurred for the lactate to be increased. Other studies have shown that adenosine and inosine increase within 15 seconds of ischemia (Olsson, 1970) , and this rapid production probably accounts for the tiny quantities of adenine nucleosides plus bases found in our control tissue.
The effect of severe ischemia, in vivo, on the SAd pool is shown in Table 2 . and base distribution was generally similar to that observed after 60 minutes of in vitro ischemia. Most of the lost nucleotides were accounted for as INO, but significant increases in HX and X also were observed. The total pool of nucleotides, nucleosides, and bases in vivo was 8.0 jumol/g in the control tissue and 7.15 ^imol/g in the ischemic tissue. This difference was not significant but may indicate that some of the nucleosides and bases were washed from the zone of ischemia by collateral flow.
Mean
SEM
Mean
BEM
Mean
SEM
Mean
SEM
Mean
SEM
Mean
SEM
Mean
SEM
Mean
SEM
Mean
SEM
Mean
SEM
S«vere uchemi (nun)
Control
FIGURE 4 The progressive loss of adenine nucleotides and the stoichiometric recovery of the lost nucleotides as adenosine (ADO), inosine (INO), hypoxanthine (HX), and xanthine (X) during total ischemia, in vitro, is illustrated. The data are plotted from
Discussion
Comparison of HEP Production and Utilization in Myocardial Ischemia in Vivo and in Vitro
The estimation of HEP production during severe or total ischemia from the rate of anaerobic glycolysis involves two general assumptions. First, we assume that anaerobic glycolysis remains tightly coupled with phosphorylation of ADP during ischemia. This assumption is consistent with current knowledge of the glycolytic scheme (Lehninger, 1975) . Second, we assume that alternate sources of HEP production are insignificant. The Po 2 of severely ischemic tissue approaches zero very quickly (Sayen et al., 1958) . The fact that very low flow is present in the severely ischemic papillary muscle is supported by measurements using the microsphere technique and by the essentially stoichiometric recovery of readily diffusible nucleosides and bases from the tissue. The method of estimation of HEP production would need modification if higher collateral flow rates were present. Shuttle mechanisms which could provide substrate level phosphorylation of a-ketoglutarate (aKG) or reduction of fumarate in mitochondria also must be negligible relative to anaerobic glycolysis when no source of exogenous aKG or glutamate is present (Penney and Cascarano, 1970; Hochachka et al., 1975) .
The results show that total ischemia in vitro and severe ischemia in vivo induce virtually identical qualitative changes in the distribution of SAd, nucleosides, and bases, but show that HEP is produced and utilized more quickly in vivo than in vitro. It seems likely that the increased initial rate of HEP utilization in vivo is due to the continued electrical and slight mechanical activity of the ischemic region. In contrast, the blocks of myocardium excised for total ischemia experiments have no mechanical load and become electrically and mechanically quiescent at the time of, or shortly after, excision. The effect of continued electrical and mechanical activity on HEP utilization and depletion, also has been demonstrated in studies of total ischemia in isolated dog hearts. Pacing these isolated, totally ischemic hearts accelerated HEP utilization and depletion (Lowe et al., 1979) , whereas producing K + arrest prior to induction of ischemia delayed these processes (Jones et al., 1980) . The similarity, except for the time scale between HEP production and utilization in severe ischemia in vivo vs. total ischemia in vitro, indicates that the two biological states are generally similar. Thus, from the point of view of characterizing HEP production and utilization, totally and severely ischemic tissue are essentially identical.
Relationship between Anaerobic Glycolysis and HEP Depletion
The initial burst of anaerobic glycolysis during the first 3 minutes of ischemia was probably due to the removal of allosteric inhibition of rate-limiting steps and to the conversion of phosphorylase b to a, thereby promoting rapid glycogenolysis (Mayer et al., 1967; Wollenberger and Krause, 1968) . The latter conversion is stimulated by ischemia-induced local catecholamine release and the consequent formation of cyclic AMP. In addition, the normal inhibition of phosphoryla&e b is reduced because of the reduced sarcoplasmic ATP and by increased AMP and inorganic phosphate. Phosphofructrokinase (PFK) is activated by the increased quantities of the allosteric effectors ADP, AMP, and inorganic phosphate and by reduction in the inhibition of this enzyme by ATP during ischemia (Williamson, 1966; Wollenberger and Krause, 1968) . Activation of these steps, plus hexokinase and pyruvate kinase, together leads to the acceleration of anaerobic glycolysis characteristic of the early phase of ischemia (Kiibler and Spieckermann, 1970) .
Despite stimulation of anaerobic glycolysis in ischemia, glycolytic ATP production never kept pace with HEP utilization in either severe ischemia in vivo or total ischemia in vitro. Rather, it slowed markedly after the first few minutes of ischemia. Similar observations have been made in isolated rat hearts subjected to low-flow hypoxia (ischemia) (Neely et aL, 1973; Rovetto et al., 1973; Neely et al. 1975; Rovetto et al., 1975) . As in the present study, a rapid initial burst of anaerobic glycolysis was followed by contractile failure, slowed lactate production, and depletion of HEP and 2Ad. In marked contrast, continuous perfusion with anoxic crystalloidal solutions plus glucose sustained a rapid rate of anaerobic glycolysis, which was associated with longer maintenance of contractile function and slower HEP depletion and structural disintegration (Cornblath et al., 1963; Williamson, 1966; Kiibler and Spieckermann, 1970; Neely et al., 1973; Rovetto et al., 1973; Neely et al., 1975; Rovetto et al., 1975) .
The mechanism (s) causing the slowing of the glycolytic rate after the initial burst of anaerobic glycolysis probably are related to inhibition of glyceraldehyde-3-phosphate dehydrogenase because of excessive levels of NADH and lactate and insufficient pyruvate (Neely and Morgan, 1974) . In addition, PFK is inhibited by acidosis and by the accumulation of lactate. Other metabolites which inhibit different steps in the Embden-Meyerhof pathway also may contribute to the slowing of the glycolytic rate (Gelet et al., 1969; Rovetto etal., 1975; Williamson et al., 1976) . However, the observation that the slower HEP depletion in total ischemia, compared to severe ischemia, was associated with slower lactate production, suggests that the rate of anaerobic glycolysis also continues to be modulated, in part, by the demand for HEP and, presumably, is mediated by the relative concentrations of ATP, ADP, AMP, and/or inorganic phosphate (Williamson, 1966; Kiibler and Spieckermann, 1970; Williamson et al., 1976) .
The cessation of HEP production by glycolysis, which was observed late in total ischemia, was associated temporally with a low tissue ATP. In fact, both ATP utilization and lactate production ceased rather abruptly when the ATP of the tissue decreased to less than 0.4 pmol/g wet weight. The failure of anaerobic glycolysis and lactate production could have been due either to (1) inhibition or denaturation of one or more of the glycolytic enzymes or (2) depletion of substrate(s) or cofactor(s). Inhibition of glycolysis by tissue acidosis has been reported in other studies (Gelet et al., 1969; Kiibler and Spieckerman, 1970; Rovetto et al., 1975; Williamson et al., 1976) and may explain the initial slowing ot the glycolytic rate. However, the mechanism seems unlikely as the cause of cessation of glycolysis in the present study. The progressive decrease in tissue pH should have gradually slowed the rate of glycolysis but, in fact, in total ischemia, lactate production continued at a nearly constant VOL. 49, No. 4, OCTOBER 1981 rate for 90 minutes, on the average, and then stopped abruptly. This can be explained best by the depletion of glycogen or ATP. Other experiments on total ischemia have shown that significant quantities of glycogen still are present when glycolysis stops [Jennings et al., unpublished observations (1981) ].* Moreover, other investigators also have provided evidence that lactate production slows in ischemia while some glycogen still is present. (Conn et al., 1959; Herdson et al., 1969; Neely et al., 1975) . Since cessation of glycolysis always followed the depletion of ATP to less than 0.4 /umol/g (Fig. 3) , it is more likely that glycolysis stopped because conversion of fructose-6-phosphate to fructose-1,6-diphosphate was no longer possible (Kiibler and Spieckerman, 1970) at such low levels (0.18-1.5 mmol ATP/liter of sarcoplasmic ATP . These data are consonant with the markedly elevated G6P levels observed when lactate production had ceased. Cofactor loss and/or enzyme denaturation represent other possible but less likely mechanisms for the final inhibition of glycolysis.
The above considerations are important because they may be causally related to the development of lethal injury in zones of severe regional ischemia. At 40 minutes, after occlusion of the circumflex artery, when about 72% of the myocytes in the posterior papillary muscle are irreversibly injured, the ATP levels are about 0.4 jimol/g wet weight (Jennings et al., 1978) . Thus, the data presented in this paper establish that myocyte death is associated not only with depletion of HEP to very low levels but equally well with cessation of anaerobic glycolysis and massive accumulation of lactate.
Theoretically, interventions that maintain the ATP of the severely or totally ischemic myocytes should delay the advent of lethal injury. Since exogenous substrate is not available to such areas because of the low collateral flow, the ATP can be maintained only by decreasing the rate of HEP utilization or by increasing the glycolytic rate of the myocytes (Rebar et al, 1959; Scheuer and Stezoski, 1970 ). This conclusion is based on the assumption that the rate of HEP utilization and the capacity of anaerobic glycolysis to keep pace with this utilization determine the rate of ATP depletion in areas of severe or total ischemia. However, even if it were possible to maintain anaerobic glycolysis until all the glycogen of the tissue had been utilized, only 33% more ATP would be synthesized. Thus, cessation of energy production and cell death in such zones appears to be inevitable. Whether ATP utilization for "non-critical" cellular functions could be reduced in such ischemic zones 30 that HEP production could keep pace with utilization is unknown. These considerations do not necessarily ap- ply to myocytes in zones of moderate flow ischemia; the glycolytic rate potentially could be higher in such zones because collateral flow can supply additional substrates and/or wash away inhibitors.
Nucleotide Catabolism in Myocardial Ischemia
The routes of adenine nucleotide degradation in myocardium are reviewed in Figure 5 . The onset of ischemia is associated with ATP utilization in the face of an inadequate supply of new ATP from anaerobic glycolysis and CP. ADP does not accumulate markedly because, through the action of myokinase (adenylate kinase), it is converted to ATP and AMP Tiny quantities of AMP also may be produced via the actions of adenyl cyclase and small quantities may be produced from long chain fatty acid CoA synthetase and perhaps other enzymes.
The AMP produced in the above reactions is converted to ADO by the action of 5'-nucleotidase of the sarcolemma (Rubio et al., 1973) . ADO then diffuses to the extracellular space where it is deaminated to LNO by adenosine deaminase . AMP also may be deaminated intracellulaxly to IMP which then is dephosphorylated by 5'-nucleotidase to INO which can diffuse from the cell. AMP deaminase has been demonstrated in rat myocardium (Baer et al., 1976) and minute quantities of IMP have been reported in ischemic dog heart (Michal et al., 1959; Jones et al., 1976) . However, we and others (Conway and Cooke, 1939; Richman and Wyborny, 1964; Kiibler and Spieckermann, 1970; Baer et al., 1976) have not identified this metabolite in ischemic dog myocardium. These results suggest that most AMP in ischemic dog heart is dephosphorylated prior to deamination.
The content of INO greatly exceeds ADO in ischemic tissue because of the abundant quantities of adenosine deaminase found in myocardium (Berne and Rubio, 1974) . Berne has shown that nucleoside phosphorylase is located in red cells, endothelium, and pericytes of dog myocardium and not in the myocytes. Thus, the degradation of INO to HX must occur in the interstitial tissues. The location of HX degradation to X by xanthine oxidase (Schraeder et al., 1972 ) is uncertain. Cell membranes are permeable to HX which could be metabolized either intra-or extracellularly.
The apparent recovery in total ischemia of slightly more than 100% of the initial pool of adenine nucleotides and metabolites probably is explained by the catabolism of guanidine, uridine, and cytidine. These nucleotides were not measured in the present study but could have comprised up to 0.5 /umol/g wet weight (Gerlach et al., 1963) in the control tissue. NAD was unaffected by ischemia until late in the process, but its catabolism also could contribute up to 0.38 /jmol of bases to the balance sheet. The relatively slow degradation of NAD is remarkable, since heart contains significant levels of enzymes that remove the nicotinamide residue or split the pyrophosphate bond of the molecule. The nearly total recovery of nucleotides, nucleosides, and bases from severely ischemic tissue in vivo confirms the virtual absence of flow to this tissue, because, although nucleotides cannot cross the cell membrane, adenosine and inosine are readily diffusible (Ingwall et al., 1975) .
Total Ischemia vs. Severe Ischemia
The results indicate that the model of total ischemia in vitro can be used to study metabolic pathways and control mechanisms occurring in zones of severe regional ischemia in vivo. The larger quantities of uniformly ischemic tissue in the in vitro model and the slower time course of metabolic changes should permit better resolution of the relationship between metabolic, functional, and structural events during the early phases of severe ischemic injury.
